The study area consists of the spring zones of the Krčić, Krka and Cetina river catchments located in the Dinaric karst, Croatia. Classical hydrological approaches and some newer time and frequency domain methods are used in order to validate the existing hypotheses both qualitatively and quantitatively, and these contribute to factual information about the hydrological behaviour of the catchments. The groundwater recharge rates are calculated by a mathematical model based on Palmer's soil-moisture balance method. The values of parameters of the groundwater recharge model are estimated by the spectral method. The calculated monthly and annual groundwater recharge rates form the basis for estimating the hydrological catchment areas of the spring zones and also for the determination of quantitative relationships between the catchments.
INTRODUCTION
The determination of catchment boundaries and catchment area is the starting point in all hydrological analyses and essential as the basis for all hydrological calculations (Bonacci, 1987) . It is always a very complex task, especially in karst. Groundwater exchanges with adjacent aquifers through underground routes or inflows from surface streams and accumulations are common in karst. Consequently, it is only in exceptional cases that surface (topographic or orographic) and subsurface (hydrological or hydrogeological) catchment boundaries coincide. The problem is further complicated by the time-variant hydrological boundaries that are dependent on fluctuations in groundwater levels.
In order to define the hydrological catchment boundaries more precisely, it is necessary to carry out extensive geological, hydrological and hydrogeological investigations. According to Perrin et al. (2000) , delimitations based on geological considerations cannot be completely reliable, because they seem to overestimate the hydrological catchment area. Hydrogeological investigations involve determinations of connectivity between different locations using various tracing methods, which are usually too expensive to carry out. Consequently, where geological and hydrogeological investigations are limited, the estimation of hydrological catchment area (recharge area) and the delimitation of catchment boundaries are oriented toward hydrological analyses. If the number and the locations of precipitation stations are convenient, linear transfer functions can be applied (Dreiss, 1983) , but this method is not recommendable for karst springs with dominant diffuse flow. Bonacci (1987) used the groundwater hydrograph method to estimate the hydrological catchment area of the Jadro karst spring, Croatia. This procedure involves the calculation of spring hydrographs by a mathematical expression and the minimization of differences between the calculated and observed hydrographs by varying the value of the hydrological catchment area. The mathematical expression is derived by assuming that the system unit response function has form of the Zoch model (Singh, 1988) . Instead of the Zoch model, Denić-Jukić & Jukić (2003) used the composite transfer functions in a similar way. For the purpose of preliminary investigations, the hydrological catchment area can be estimated with various empirical expressions for runoff deficit calculations and regional formulae (Bonacci, 1987 (Bonacci, , 1999 Bonacci & Magdalenić, 1993) , or on the basis of regional precipitation and evapotranspiration maps (Petrič, 2002) .
Regardless of the method applied, the prerequisite for estimating hydrological catchment area is the determination of effective rainfall or groundwater recharge by using very simple regional formulae and empirical expressions, or more complicated mathematical models. In addition to the estimation of hydrological catchment area, this study shows that monthly and annual groundwater recharge rates calculated by the mathematical model can also be valuable in preliminary analyses for the investigation of the hydrological behaviour of catchments. This is especially important in karst, where catchments have time-variant hydrological boundaries, i.e. unique values of hydrological catchment areas frequently do not exist.
STUDY AREA, AVAILABLE DATA AND RESULTS OF BASIC HYDROLOGICAL ANALYSES
The study area consists of the springs zone in the catchments of the karst rivers Krčić, Krka and Cetina, located in the bare Dinaric karst in Croatia (Fig. 1) . The Main Krčić Spring is situated near the base of the Dinara Mountains at an altitude of 370 m a.s.l. Several small springs are located in the vicinity of this spring, near the right bank of the River Krčić. After approximately 10 km, the River Krčić ends with a waterfall in the River Krka. The most important of the Krka springs (Main Spring) is located in the cave directly beneath the waterfall at 225 m a.s.l. The Krka springs zone also contains two small springs: Small Spring and Third Spring (Bonacci, 1985 (Bonacci, , 1987 . The contribution of the two small springs to the total Krka springs discharge is approximately 10-20%. The springs zone of the Cetina River has four springs: Milaševo vrelo, Vukovića vrelo, Nele and Kotluša (Fig. 1) . They are about 12 km away from the Main Krčić Spring. Tracer tests performed in 1998 of the ponor in the Pašića Polje (Fig. 1 ) revealed direct groundwater connections between the Pašića Polje and both the Krka springs and the small springs located near the right bank of the River Krčić (Fig. 1) The Krčić catchment is composed of Upper Triassic dolomites, Jurassic dolomites and limestone and Quaternary alluvial deposits. The River Krčić flows partly through Upper Triassic dolomites and partly through the limestone overlying the dolomites. The Krka and Cetina springs catchment zones are formed mainly of Jurassic limestone. The Dinaric karst is deep and well developed. It is practically without soil cover, with scarce vegetation and with numerous surface and subsurface micro and macro karst phenomena (Bonacci, 1987) .
The Cetina springs discharge has been measured daily since 1946 at the CetinaVinalić station (Station 6 on Fig. 1) . Discharges of the Krka and Krčić springs are not well documented. Reliable daily data, necessary for analyses, are available only for the period [1982] [1983] [1984] [1985] [1986] [1987] [1988] [1989] [1990] . Five gauging stations were located in the area of the Krčić and (Fig. 1 ). Annual rainfall rates from the meteorological stations: Kijevo, Knin, Vrlika, Vinalić, Cetina springs, Crni Lug and Bosansko Grahovo (Fig. 1) for the periods 1964-1971 and 1981-1985 are also used. The lowest average annual rainfall rate is observed at the Knin meteorological station, which is located at the lowest altitude (234 m a.s.l.). The highest annual rainfall rates are measured at Bosansko Grahovo meteorological station, located at the highest altitude (850 m a.s.l.). The average annual rainfall over the study area, estimated by using available data, is 1550 mm for the period 1982-1990 and 1360 mm for 1964-1971 . The average annual temperature at the Knin meteorological station is 13°C, while the annual average relative humidity is 64%. The climate is continental influenced by the mild Mediterranean climate. The summers are hot, with the maximum temperature above 30°C, whilst the winters are cold with temperatures as low as -10°C. The average annual rainfall over the catchment and the total annual discharges from the Krčić, Krka and Cetina springs for the period 1982-1990 are presented in Table 2 .
The Cetina and Krka springs are perennial, with minimum discharges greater than 1.0 and 2.0 m 3 s -1 , respectively, while the Krčić springs dry up every year. The relationships between average monthly and annual discharges of the Krka springs and discharge at the Krka-Topolje station are presented in Fig. 2 . The area between ordinate axes and the line y = x represents the discharge flowing into the River Krka exclusively from under ground, whereas the second half of the quadrant represents the discharge supplied by surface flow from the River Krčić. The points on the line y = x represent the situations when there was no flow in the River Krčić. From Fig. 2 , it can be seen that the River Krčić was dry when the Krka springs discharge was less than 6.31 m 3 s -1 , but in most cases, it dried up when the Krka springs discharge dropped below 4.20 m 3 s -1 . The average and maximum annual discharges observed along the River Krčić are shown in Table 3 . The average annual discharge at the Krčić-Krčić station is usually smaller than that at the Krčić-Pregrada and Krčić-Spring stations. It shows a strong influence of river-bed karstification on the River Krčić flow, which causes significant water losses along the river bed. In Fig. 3 , a longitudinal crosssection of the Krčić river bed with the minimum and maximum groundwater levels is shown, together with the position of the zone of strong karstification. Actually, the flow along the River Krčić occurs partly on the surface and partly as subsurface flow (Bonacci, 1985 (Bonacci, , 1987 . The hypothetical karst pipe, according to Hajdin & Ivetić (1978) , is also shown in Fig. 3 . The assumptions of the existence of a pipe system, and of the dimensions of the pipe, are speculative, based on a conceptual approach describing the intensive subsurface flow to the Krka springs through a highly karstified zone.
There is no reliable recognition of hydrological catchment areas for the Krčić and Krka springs. The hydrological catchment areas of these springs and the Krka-Topolje station were estimated for the period 1982-1990 as the ratio between total annual spring discharges and effective annual rainfall, as displayed in Table 4 . Effective rainfall was calculated by using the regional formula of Srebrenović (1986) and the empirical expressions of Turc (1954) and Coutagne (1954) , which have already been applied in preliminary hydrological analyses on several catchments in the Dinaric karst (Bonacci, 1987 (Bonacci, , 1993 (Bonacci, , 1999 (Bonacci, , 2001 Bonacci & Magdalenić, 1993) and other karst areas (Bonacci, 1985) . 
P: total annual rainfall; P E : effective annual rainfall; f: karst factor; T: average annual temperature; D: runoff deficit (= P -P E ). (Soulios, 1984 Fig. 1 ), respectively, it is evident that significant parts of both catchments are located outside the topographic catchment boundaries.
Recent investigations (Jukić, 2005a,b) revealed that the Main Krka Spring is an ascending karst spring whose aquifer is located deep inside the karst massif, whereas the Krčić springs function as descending karst springs. Following these results, as well as those of previous studies (Bonacci, 1985 (Bonacci, , 1987 and tracer tests performed in 1998, Bonacci & Ljubenkov (2005) made a schematic representation of the hydrological behaviour of the Krčić and Krka springs catchments, as presented in Fig. 4 . From the higher area A 4 , water flows through the ponors in the Pašića Polje to the River Krčić by underground percolation (Q 3 ′). Surface discharge of the River Krčić (Q 1 ) includes water from the Krčić springs (Q IK ) and also water that enters the river from the topographic catchment area between the Krka springs and the waterfall. Part of the River Krčić surface flow seeps into the karst under ground and enters the Krka spring (Q 2 ). This flow is referred to as subsurface flow (Bonacci, 1985 (Bonacci, , 1987 , to distinguish it from the deep underground water (Q 3 ″) flowing to the Krka spring from higher areas (A 4 ). However, the connections between the Pašića Polje and the Cetina springs, established in 1967, as well as the origin of water at the Main Krčić Spring have not been explained completely yet, because the tracer tests performed in 1998 were not able to confirm such a connection.
Although the topographic catchment of the Main Krčić Spring is located completely within that of the Krka springs (Fig. 1) , recent investigations (Jukić, 2005b) have shown that the hydrological connections between the Krčić and Cetina springs are stronger than those between the Krčić and Krka springs. The shapes of flow duration curves plotted on lognormal probability paper are also in accordance with this hypothesis (Fig. 5) . Soulios (1985) analysed the flow duration curves of several karst springs in Greece. The breaks in the flow duration curves plotted on normal or lognormal probability paper were ascribed to the spilling-over of the karst aquifer towards external outlets or catchments and to the recharging by waters from surrounding areas. The break in the curve for the Krka-Topolje station, located at the average daily discharge of about 6 m 3 s -1
, is evident and coincides with the beginning of intensive surface flow along the River Krčić (Fig. 2) . The flow duration curves indicate that the flow of the River Krčić represents inflows from the standpoint of the River Krka catchment at the Krka-Topolje station. The relationships between basic hydrological variables are analysed in this study by using monthly and annual groundwater recharge rates calculated by a mathematical model in order to: (a) estimate the hydrological catchment areas of the Krčić and Krka springs; (b) validate the hypotheses about the hydrological functioning elaborated in previous studies; and (c) investigate connections between the aquifers of the Main Krčić Spring and the adjacent spring zones, The results are presented in the following section.
GROUNDWATER RECHARGE ANALYSES
According to White (2002) , the groundwater recharge of a karst aquifer can be divided into the following components: allogenic recharge through the swallets; diffuse infiltration entering the aquifer as infiltration through the soil and fractures and fissures; and internal runoff entering the aquifer quickly through sinkhole drains and overflow from perched aquifers. In this study, groundwater recharge is calculated by the mathematical model based on Palmer's (1965) soil-moisture balance method (Denić-Jukić, 2002) . The groundwater recharge in this context represents the effective rainfall, i.e. the portion of total rainfall that instantaneously recharges the phreatic zone of an aquifer. This method implies that the initial precipitation left after evapotranspiration is taken up as soil moisture until the soil is saturated, after which the remaining water enters the aquifer quickly through sinkhole drains or fractures and fissures. This takes into account only the quick component of diffuse infiltration and internal runoff. The parameters are the soil-moisture holding capacities of the upper (s 1 ) and lower (s 2 ) soil layers. From the upper layer, which implicitly includes land cover, the moisture is lost freely in the processes of evaporation and transpiration, while the moisture lost from the lower layer depends on the saturation of the upper layer. The potential moisture lost in the process of evapotranspiration is calculated by using the expression of Eagleman (1967) ( 1) where ET p is the potential evapotranspiration (mm), RH is the relative humidity (%) and T is the air temperature (°C). The coefficient C depends on T: C = 0.63 for T < 0°C; C = 0.63 + 0.024T for 0 < T < 21°C; and C = 1.13 for T > 21°C. The values of the model parameters are estimated in the frequency domain by the spectral method (Jukić & Denić-Jukić, 2004) and are presented in Table 5 . Low values of parameter s 1 for the Krka and Krčić springs confirm that land cover has a limited influence on the groundwater recharge in karst (Bonacci, 1987) . The values of parameter s 2 show that the influence of the lower soil layers is much more significant. The monthly results of the application of the groundwater recharge model are demonstrated in Fig. 6 . Figure 6 (a) presents the input time series of monthly rainfall rates for the period of eight hydrological years, 1982 years, /82-1989 presents the monthly groundwater recharge rates for the Krka springs that were obtained with Palmer's (1965) soil-moisture balance method for the values of parameters s 1 and s 2 in Table 5 . The monthly effective infiltration coefficients in Fig. 6(c) were calculated as the ratio between the monthly groundwater recharge rates and the monthly rainfall rates. The distribution of the groundwater recharge rates is highly irregular. Rainy months without any groundwater recharge are followed by months having high values of effective infiltration coefficients: values range from 0 in July and August (complete monthly rainfall is spent for evapotranspiration) to >0.9 during rainy months in the cold seasons. The polynomial regression between the monthly groundwater recharge rates and the average monthly discharges from the Krka springs is presented in Fig. 7 . One can see a limit for monthly groundwater recharge rates between 150 and 200 mm. The monthly recharge above this limit does not contribute significantly to the Krka springs discharge. It can also be noted from Fig. 7 that the Krka springs have an important baseflow component of discharge that is practically independent of the monthly groundwater recharge. Unlike the Krka springs, there is no statistically significant correlation between the monthly groundwater recharge rates and the average monthly discharges from the Krčić springs, because of the considerable seasonal storage capacity of the aquifer and catchment (snow cover on the Dinara Mountains), which redistributes water during the year. Monthly groundwater recharge R (mm) Fig. 7 Cubic-order polynomial regression between monthly groundwater recharges and average monthly discharges from the Krka springs. The linear regression between average monthly recharges for each month in the year (I: January-XII: December) and average discharges from the Krčić springs for each month is presented in Fig. 8 . Although the linear regression coefficient is not significant, the regression line can be considered as a delimiter for the estimation of the intensity of water storage (area below the line) and water release (area above the line) in each month, or the seasonal storage capacity of the aquifer and catchment. It shows that water is usually stored between August and February (except December) and it is released between March and July. The largest amount of water is stored during September, when the aquifer is empty following the summer, and released during April, due to snowmelt.
The annual results of the application of the groundwater recharge model are presented in Table 6 . The average annual effective infiltration coefficients, C A , and the average annual hydrological catchment areas, A A , are calculated by the following expressions:
where R A is annual groundwater recharge (Table 6 ), P A is the annual rainfall rate (Table 2) and V A is total annual discharge (Table 2) . If the average catchment area values for the entire period 1982-1990 in Table 6 are compared with those obtained by the regional formula and empirical expressions (Table 4) , it can be seen that the groundwater recharge model produced results that are very similar to those of the empirical expression of Turc (1954). The linear regressions between annual groundwater recharges and total annual discharges for the Krčić and Krka springs, with 95% confidence intervals for the regression lines, are presented in Fig. 9 . Just as in Fig. 7 , a component of the Krka springs discharges that is almost independent of the groundwater recharges is visible ( Fig. 9(a) ), although the linear regression coefficient is not statistically significant. This component confirms the existence of an important multi-annual storage in the Krka springs aquifer. The linear relationship between the groundwater recharge and total annual discharge values of the Krčić springs is evident (Fig. 9(b) ). The regression line almost passes through the origin of the co-ordinate system, as does the regression line in Fig. 8 , which means that the Krčić springs aquifer has insignificant outflows toward adjacent aquifers. In Table 5 , annual groundwater recharge is given separately for the period when the Krčić springs are dry. It can be noted that only 4% of the total groundwater recharge for the period 1982/83-1989/90 belongs to the dry period. The conclusion is that the storage capacity of the part of aquifer located below the level of the Main Krčić Spring is small, so the dynamic water storage is located mainly above the spring level. Thus the spring functions virtually as a descending karst spring, which confirms the results obtained by Jukić (2005a) . Consequently, groundwater circulation from the Main Krčić Spring aquifer toward the Krka springs is nearly negligible from the standpoint of the total annual discharges from the Krčić and Krka springs; this is in agreement with the form of flow duration curves presented in Fig. 5 . The effective infiltration coefficients for the Krka springs range from 0.498 for the hydrological year 1989/90 to 0.676 for 1982/83, with a mean value of 0.591 (Table 6) . The values for the Krčić springs range even more widely, but the mean value of 0.603 is very similar to that for the Krka springs. The hydrological catchment area for the Krka springs has the widest range of values, from as low as 148.5 to a high value of 360.3 km 2 . In Fig. 10(a) , the hydrological catchment areas for the Krka springs are compared with the effective infiltration coefficients. The linear relationship is evident, which indicates that the hydrological catchment area is dependent upon soil moisture. Linear regression between the volumes of discharges greater than 9.2 m 3 s -1 and the hydrological catchment areas (Fig. 11 ) also shows that the Krka springs catchment is larger during dry hydrological years. This finding is in agreement with the results of polynomial regression between the monthly groundwater recharge rates and the average monthly discharges from the Krka springs presented in Fig. 7 , and it confirms the existence of time-variant catchment boundaries, or outflows that occur during high water levels. In order to find out the possible directions of the outflows, the regressions between the hydrological catchment areas of the Krka springs and the total annual discharges from adjacent springs were tested. The strongest linear regression was found for the Cetina springs discharges (Fig. 10(b) ). The results of the analyses depict complexity of the groundwater circulations between the spring zones of the Krčić, Krka and Cetina river catchments. The Krka springs hydrological catchment area is between 150 and 360 km 2 , depending on the groundwater levels. The topographic catchment area of the Krka springs, including the Main Krčić Spring topographic catchment, is only 145 km 2 (area A 1 + A 2 in Fig. 1) , so approximately up to 240 km 2 is situated outside topographic catchment boundaries in the Pašića Polje area (area A 4 in Fig. 1) . From this area, through the ponors, water comes to the small springs located near the right bank of the River Krčić, and also to the Krka springs, by deep percolation beneath the catchment area of the River Krčić, in accordance with the hypothesis of Bonacci & Ljubenkov (2005) , (Fig. 4) . The Pašića Polje is the part of the Krka springs catchment that is also shared with the Cetina springs during high water levels. The average annual hydrological catchment area of the Main Krčić Spring is about 135 km 2 . The topographic catchment area of this spring is only 35 km 2 (area A 1 in Fig. 1 ), which means that approximately 100 km 2 is situated outside. Hydrogeological parameters (directions of faults), considerable redistribution of water during the year due to snow cover (Fig. 8) and similar hydrological behaviour of the Main Krčić Spring and Cetina springs discharges (Jukić, 2005b) indicate that this additional area is located in the Dinara Mountains (area A 3 in Fig. 1 ). This part of the Main Krčić Spring catchment is located within the Cetina springs topographic catchment and is partly shared with the Cetina springs. Consequently, the hydrological connections between the Main Krčić Spring and the Cetina springs are stronger than those between the Main Krčić Spring and the Krka springs. The Main Krčić Spring functions as a descending karst spring. Subsurface flow from the Main Krčić Spring aquifer toward the Krka springs is practically negligible from the standpoint of the total annual discharges, so an intensive flow through highly karstified zone along the Krčić river bed (Fig. 3) exists only when the river is active.
CONCLUSION
In this study, classical hydrological and some more modern time and frequency domain methods were used for qualitative and quantitative analysis. Basic hydrological analyses were performed in order to explain and supplement the existing data and information necessary in the study. Groundwater recharge rates were calculated by a mathematical model based on Palmer's (1965) soil-moisture balance method. Although this method was not developed originally for karst areas, the results of several applications in the Dinaric karst (Denić-Jukić, 2002; Denić-Jukić & Jukić, 2003; Jukić & Denić-Jukić, 2004) have shown that it can be successfully applied in preliminary analyses. The values of the model parameters were estimated in the frequency domain by the spectral method. The model parameter values obtained are in accordance with the results of previous model applications in the Dinaric karst. Since the average catchment area values for the entire period 1982-1990 obtained by the groundwater recharge model are also in accordance with those obtained by the formula and empirical expressions commonly applied in the Dinaric karst, the applicability of the methodology to the analysed catchments is confirmed. The calculated monthly and annual groundwater recharge rates formed the basis for the estimation of hydrological catchment areas and also for the determination of quantitative relationships between the catchments in order to validate the existing hypotheses and contribute to factual information about hydrological behaviour of the three spring zones. Data were available for only eight hydrological years, so the simplest linear regression model was applied, in the first place, to discover the existing relationships between hydrological variables without presuming that the relationships are actually linear.
